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Aminated poly(vinyl chloride) solid state adsorbents with hydrophobic function for post-combustion CO 2 capture †
Introduction
Carbon capture and storage (CCS) technologies offer viable solutions for tackling problems linked to greenhouse gas emission.
1 Among these post-combustion capture (PCC) of CO 2 has seen progressive development with major scientic efforts focused on the separation of CO 2 from industrial gas sources.
2,3
To enable compression, transport and storage, any advanced adsorbent for post-PCC processes is required to have an appreciable ability to capture CO 2 selectively from mixtures of gases. 4 Generally, such adsorbents possess basic sites on their surfaces, e.g. hydroxyl or amine groups, to facilitate chemical interaction with acidic CO 2 molecules. Inorganic bases such as calcium oxide (CaO), magnesium oxide (MgO), and sodium hydroxide (NaOH) are obvious choices due to their natural abundance and relatively low cost, and they have been widely investigated as adsorbents for CO 2 capture before. [5] [6] [7] However, the high decomposition temperature of the corresponding carbonates presents a challenge, thereby preventing traditional inorganic bases from being integrated in a close cycle process oen required within an industrial PCC operation. 8 Aqueous solutions of organic bases such as monoethanolamine (MEA) are therefore preferred for PCC as they require a relatively lower amount of energy for the regeneration (172 kJ mol CO 2 À1 for MEA vs. 225 kJ mol CO 2 À1 for CaO). 2, 3, 9 The processes for isolating CO 2 from 10-20% MEA aqueous solution for later re-utilization or storage with CCS systems have been tested on a large scale. 10 However, substantial operational expenditure costs are required for solvent regeneration, for example, to mitigate for the loss of the solvent. Aqueous solutions of amines are also prone to degradation by NO x and SO x , which are present in a typical gasue mixture, with up to 2 kg of solvent depleting per one ton of CO 2 stored. Moreover, operating and integrating the relatively corrosive and toxic amine solution as part of a commercial CCS system presents additional environmental and safety constrains as well as national security concerns.
11 Solid-state adsorbents can overcome these issues as regeneration can be carried out by the reduction of pressure rather than heat. It is also relatively simple to integrate them at a full-scale CCS system either as retrots or as new builds.
Several classes of solid materials such as cation-exchanged zeolites, 12 metal organic frameworks (MOFs), 13 aminefunctionalized mesoporous silicas, 14 porous polymeric networks, 15 and organic framework materials 16 have demonstrated high sorption capacity and good selectivity for CO 2 from a N 2 /CO 2 mixture which is routinely used in laboratory settings. Typically, CO 2 adsorption capacities of 10-120 cm 3 g À1 have
been reported depending on the tested conditions (Table S1 †) . Since amine groups can be integrated into polymers there is an exciting opportunity to utilize the existing non-biodegradable plastics as future solid-state adsorbents. 17 As such their application in CCS presents a viable alternative to pyrolysis which is a current end-of-life solution for some of these non-recyclable polymers.
18 Pyrolysis of poly(vinyl chloride), PVC, is particularly problematic as it leads to the generation of toxic chloroorganic compounds. 19, 20 Moreover, re-use of waste PVC presents an additional challenge due to cross-contamination with polyethylene terephthalates (PET).
21 A large amount of CO (13 wt% of PET) has been shown to be released upon pyrolysis due to the presence of PET. There are few incentives for recycling and the majority of PVC ends up as landll waste. A sustainable route for re-utilization of waste PVC will be of particular interest to environmental and scientic communities and a facile route for coupling amines and alkyl chloride groups via a nucleophilic substitution reaction through the secondary chloro-groups on the PVC backbone is already developed.
22 Furthermore, the solid-liquid heterogeneous interface reactions between a PVC polymer (solid phase) and an ethylenediamine solution (liquid phase) have been also applied for functionalization of PVC microspheres and membranes. 23 It has also been shown that PVC could be aminated by ethylenediamine (EDA), diethylenetriamine (DETA) and ethanolamine (MEA). 24 The authors were also able to generate crosslinked PVC with enhanced thermal stability and ion exchange capacity. However, no gas sorption measurements have been carried out on amine functionalized PVCs so far as one would expect the pristine unsupported materials to possess low surface areas. Supporting low surface material on robust and high surface area mesoporous substrates such as silicas could help to produce composites with high number of basic sites and to achieve improved gas sorption characteristics.
25
In this work, we report for the rst time the synthesis of a family of high surface area composite materials that contain amine-functionalized PVC as the source of basic sites for CO 2 adsorption. The proposed synthesis is based on a relatively simple one-step reaction making the protocol potentially scalable for the development of advanced adsorbents suitable for industrial CCS units. Furthermore, the aminated-PVC adsorbents show superior hydrophobic characteristics when compared with the unfunctionalized mesoporous substrates. This is a potentially useful utility for the design of future CO 2 adsorbents operating in elevated moisture content ue gases.
Experimental section
Chemicals Ethylenediamine (99.5%), PVC powder (M w ¼ 43 000), methyl ethyl ketone (MEK, or butan-2-one, 99%), trimethylbenzene (TMB, 98%), fumed silica (denoted as f-SiO 2 ) were all purchased from Sigma Aldrich. Aminating agents, diethylenetriamine (DETA, 98%), monoethanolamine (MEA, 99%), ethylenediamine (EDA, 99%), diethanolamine (DEA, 99%) and tetraethylorthosilicate (TEOS, 98%) were supplied by Acros Chemicals. Concentrated hydrochloric acid HCl (35% w/w) was supplied by Fisher Scientic. Pluronic P123 surfactant (EO 20 PO 70 EO 20 , M w ¼ 5800) was a gi from BASF. Deionised water was used in all synthesis. High purity CO 2 and N 2 gases were supplied by BOC. All chemicals were used as received without further purication.
Synthesis of mesoporous SBA-15 and MCF silicas
Mesoporous silica SBA-15 was prepared following a welldeveloped literature procedure. 26 Briey surfactant Pluronic P123 (4 g) was dissolved in 138 cm 3 of deionized water and the solution was acidied by adding of 12 cm 3 of concentrated HCl.
Aer being fully dissolved, the silica precursor TEOS (8.3 g, 0.04 mol) was added into the solution. Aer 24 h of stirring at 40 C a white precipitate was formed. It was then transferred to a PTFE bottle, which was heated in an oven at 100 C for 3 days.
The white precipitate was ltered, washed, dried and calcined at 550 C in air. Mesocellular foam (MCF) silica was prepared with the same procedure as SBA-15 except that a swelling agent trimethylbenzene (TMB, 1.2 g) was added to the surfactant solution prior to the addition of TEOS. 25 The mass ratio of surfactant: TMB ¼ 1 : 0.3. The same calcination regime was applied to the as-prepared MCF silica.
Synthesis of aminated PVC (APVC)/mesoporous silica composites
For consistency, all composites were prepared from stock solutions of relevant APVC using a homogeneous liquid-phase reaction. To make a stock solution, 1 g of PVC was dissolved in 50 cm 3 of MEK giving a clear solution. Aer adding an excess of an aminating agent (1 g) into the resulting solution it was reuxed at 80 C for 24 h. Aer cooling to ambient temperature, the resulting APVC stock solution with a nominal concentration of the polymer of ca. 2 wt% was used for functionalization of the mesoporous silicas. It should be noted that to achieve the maximum functionalization of the surface of the polymer by amine groups an excess of amine and reux times in excess of 18 hours were required. In a typical coating procedure, 100 mg of a related mesoporous silica support (fumed silica, SBA-15 or MCF) were suspended in 10 ml of MEK solvent. A corresponding volume of the stock solution was then added to the suspension. Depending on the amount of the stock solution added, the composites with three different ratios of 4%, 7% and 19% w/w between the APVC and silica substrate were prepared as exemplied in Table 1 for composites between SBA-15 or MCF and the EDA-PVC stock solution.
Aer adding the stock solution the suspension was sonicated in a degas mode for 60 min and transferred on a glass Petri dish in a fume cupboard to allow the solvent to evaporate at ambient temperature. Finally, the samples were washed in ethanol using Soxhlet extraction for at least 6 h to remove any unreacted amine. The resulting solid was heated to 80 C at a reduced pressure in a vacuum oven for 8 hours to remove any residual solvent. Control experiments were carried out to isolate pristine APVC solids (e.g., without a silica matrix). The solids were precipitated by adding ethanol to aliquots of the corresponding stock solutions. Similar to the composite materials the solids were washed with ethanol using a Soxhlet extraction setup to remove any unreacted amine from the surface of the polymer and were nally dried in a vacuum oven at 80 C overnight.
Characterization of materials
Pristine APVC products and their composites with mesoporous silicas were characterized using Fourier-transform infrared (FTIR) spectroscopy. FTIR spectroscopic analysis was carried out using a Perkin Elmer Spectrum 100 spectrometer tted with an ATR sampling unit. For the sample measurement, 32 scans in the region from 650 to 4000 cm À1 were accumulated with a resolution of 4 cm À1 . CHN elemental analysis was performed with an Exeter CE-440 Elemental Analyzer. Simultaneous thermogravimetric analysis with differential scanning calorimetry (TGA/DSC) was carried out using a TA instruments SDT Q600 unit. In a typical analysis, a sample of ca. 5 mg was heated up to 800 C at a heating rate of 5 C min À1 under owing air (100 cm 3 min
À1
). Experimental datasets were analysed using Advantage Soware v5.5.22 (TA Instruments).
Surface area was studied using N 2 adsorption-desorption isotherms and transmission electron microscopy (TEM). Nitrogen adsorption-desorption isotherms were measured at À196 C using a Quantachrom Autosorb Evo unit. The samples were degassed at 80 C overnight under vacuum before the measurements. The pore size distribution (PSD) of samples was calculated using a DFT method with the Quandrawin soware (Quantachrom). A FEI Tecnai TF20 microscope tted with a eld emission gun and operated at 200 keV was used for the TEM analysis. The samples were suspended in ethanol before being dispersed on holey carbon sample grids (Agar Scientic). Gravimetric CO 2 adsorption capacity of the samples was measured using a SDT Q600 unit (TA Instrument) tted with a CO 2 dosing valve. The sample was rst activated at 75 C under owing N 2 overnight and cooled down to 25 C. Aer that, the adsorption was carried out in a purge gas consisting of a 1 : 1 v/v CO 2 -N 2 mixture for 90 min, the sample was then heated to 75 C for 2 h for regeneration. The CO 2 capacity was calculated by the weight gain during the adsorption period. The hydrophobicity of the composites was examined with contact angle measurements using an Attension Theta unit and data analysis was carried out using OneAttension v2.4 soware. Generally, a powder sample, 20 mg, was pressed into a disc using a standard hydraulic press. A water droplet was placed on the disk surface and the image of the drop was recorded. The value of contact angle was taken at t ¼ 1 s aer the water droplet was loaded onto the sample disk surface and the data reported was an average of three measurements.
For mechanical stability tests ca. 100 mg of sample were ground thoroughly with pestle and mortar for at least 5 minutes and then the resulting powder was investigated by gas sorption measurements. Additional tests involved pressing EDA-PVC/ SBA-15 (4%) under pressure of ca. 1 ton to a 5 mm pellet which was probed by gas sorption as well. It should be mentioned that the resulting pellet was very robust and could be easily handled with tweezers without crashing the pellet. To test the hydrothermal stability, EDA-PVC/SBA-15 (4%) sample was boiled in water for 1 hour and then dried at 80 C in vacuum which was in line with the drying protocol for all samples used in gas sorption measurements. The samples were then analyzed with TGA (heating rate at 5 C min À1 to 800 C under owing air)/surface area measurements. The results were compared with the sample before hydrothermal treatment.
Results and discussion

Pristine APVC materials
Before discussion of the composite materials, it is important to highlight the properties of pristine APVC materials. Fig. 1a illustrates the possible reaction routes depending on the aminating agent used for the reaction with PVC. 24 A certain amount of crosslinking between polymer strands is possible and the proposed reaction mechanism is shown in Fig. 1b . Ethylenediamine (EDA) was chosen as a model aminating agent for optimizing the process as other groups have tested a coupling reaction between EDA and PVC before.
22-24 Analysis of several samples by elemental analysis consistently showed ca. 2.9 wt% of nitrogen indicating that the washing in a Soxhlet setup have led to reproducible results. The level of functionalization is also higher than reported previously due to the modied synthetic procedure.
23,24
Fig . 2 shows the results of TGA/DSC measurements for unmodied PVC in airow. An endothermic weight loss at 260 C is attributed to the loss of monomers aer the depolymerization. Following exothermic steps are due to combustion of the polymer. EDA-PVC sample (Fig. 2) showed a small weight loss from 70 C to ca. 160 C due to the loss of the solvent. A minor exothermic peak appeared at around 170 C which is likely due to a solid-phase transition (e.g. non-isothermal crystallization or polymorphic conversion) 23, 24 which is absent in the PVC polymer. 27 A signicant weight loss between 170 and 210 C is accompanied by a corresponding exothermic peak on the DSC curve. This weight loss could be attributed to the possible loss of amine crosslinkers followed by a gradual depolymerization of PVC at higher temperatures. When compared with other aminated PVC samples prepared in this work (Fig. S1 †) , this is a common feature to the aminating reagents with potential for crosslinking/self-polymerizing, e.g. DETA-PVC (Fig. S1c †) . MEA-PVC and DEA-PVC, which are unlikely to be crosslinked due to amination, showed no exothermic peak in this region ( Fig. S1d and e †) . Overall, the thermal analysis results indicate that aminated PVC materials are stable up to 140 C without decomposition. The thermal stability is sufficient for thermal regeneration of the composites to be carried out sustainably in the associated carbon capture process. 
EDA-PVC/silica composites
Two mesoporous silica materials (SBA-15 and MCF) were chosen as the support for APVC due to their high surface area and mesoporous characteristic. The latter is important as high surface area materials with microporous structure (pore diameter < 2 nm) could suffer from pore blockage upon polymer deposition, hence reducing the gas adsorption capacity. 1 The organic content of the APVC/silica composite samples was analyzed with TGA and elemental analysis with the results presented in Table 2 .
The observed nitrogen content is almost double when compared with the pristine EDA-PVC samples. For example, 4.4, 4.5 and 4.2% for 4%, 7% and 19% EDA loaded on MCF silica respectively versus 2.9 wt% observed for the pristine EDA-PVC products. This is consistent with the TGA results for products with different loadings of the EDA-PVC on SBA-15 and MCF supports (Fig. 3) . In comparison with a pristine EDA-PVC sample (cf. Fig. 2 ) the TGA results suggested the remains of the solvent and unreacted amines were still present within the samples.
Representative FTIR spectrum of EDA-PVC/SBA-15 in comparison with three other APVC composites is shown in Fig. 4 . The highlighted broad absorbance bands at 3200-3500 cm À1 are assigned to NH stretching as well as OH stretching in cases of MEA-PVC and DEA-PVC coated samples. This indicates the similarity of the composite materials depending on the nature of the amination agent. Composite samples appear similar due to the similarity in the functional groups on the aminated PVC coatings. Absorption band at 2800-3000 cm À1 are due to the CH 2 stretching modes, both on the PVC backbone and the amines. NH 2 bending modes appear in $1540 cm À1 while bands at 1450-1480 cm À1 and $1350 cm À1 are assigned to CH 2 bending modes. The strong absorbance band shown at 1750 cm À1 is due to the C]O stretching from the residual ketone groups from the solvents. Below 1200 cm À1 , all spectra were dominated by the strong silica absorbance and therefore this data range was omitted. The retention of the solvent as indicated by FTIR data is expected considering the highly porous nature of the silica. However, the observed increase of the amount of the remains has very limited effect as a signicant porosity and high surface area were retained, especially for products with 4% loading of APVC according to the surface area measurements. The adsorption/desorption measurement results of EDA-PVC composites with SBA-15 and MCF are shown in Fig. 5 with the results summarized in Table 2 . In addition to surface area measurements all three supports (MCF, SBA-15 and fumed silica) were investigated by HRTEM (Fig. S2 †) . For all tested EDA-PVC composites there is a gradual decrease in the surface area and pore volume depending on the amount of amine-functionalised PVC used. In the case of SBA-15, which showed very well dened pores (Fig. S2 †) , the PSD data suggested that the pore radius was reduced from 4.4 nm to ca. 3 nm depending on the amount of the loaded EDA-PVC. The pore sizes of the MCF substrate were generally unaffected. The adsorption properties of fumed silica (f-SiO 2 ) were also tested due its importance as a commercial standard. It showed a broad size distribution of mesopores with radius >1 nm. Interestingly, an increased polymer content (at 19%) for the fumed silica sample seemed to lead to larger pores at a radius >5.0 nm the phenomenon observed before for chitosan/fumed silica composites (Fig. S3 †) . 25 It was also suggested that the pore structure of the adsorption sites plays a signicant role on the total CO 2 adsorption capacity, in addition to the available amine sites. 29, 30 Therefore, the pore structures of the composites were also mapped with the CO 2 adsorption data as discussed in the next section. This allowed us to extrapolate the critical parameters for optimizing CO 2 adsorption capacity. In contrast to SBA-15 and MCF control experiments carried out on EDA-PVC/fumed silica samples showed both the surface area and pore volume were hardly affected upon polymer deposition (Fig. S3 †) .
Gravimetric CO 2 adsorption capacity of APVC composites
Carbon dioxide adsorption capacity of EDA-PVC on mesoporous silica composites was measured gravimetrically, e.g. by purging CO 2 /N 2 mix (1 : 1 v/v, 50%) over the adsorbent samples at 25 C and the results are shown in Fig. 6 .
The gravimetric method for measuring the CO 2 adsorption capacity was chosen here because it models the real carbon capture environment more closely than the volumetric method. As expected the unsupported EDA-PVC sample has shown a very low capacity below a measureable limit of our instrument of 0.73 cm 3 g À1 . On examining the CO 2 adsorption capacity of EDA-PVC/SBA-15 (4%) composite has shown the highest adsorption capacity of 12 cm 3 g
À1
. In line with the surface area measurements results the capacity to store CO 2 gradually decreases as the polymer content increases. A similar trend was also observed for MCF series that showed maximum CO 2 storage capacity peaking at 11 cm 3 g
. A comparable study on related amine-graed mesoporous silicas MCM-41 with a capacity of 14 cm 3 g À1 has also shown that an increase in pore size can enhance CO 2 adsorption capacity while connectivity speeds up the adsorption process. 30 In context of this study, EDA-PVC/MCF (4%) composites, which possess larger pores (between 4.0 to 8.0 nm in radius) and interconnecting porous structure, may be advantageous for carbon capture over 2D SBA-15 adsorbents.
The ratio was used as an indicator of the efficiency of the amount of CO 2 adsorbed. Since the increase in polymer content did not yield higher CO 2 adsorption capacity, the adsorption efficiency (or CO 2 : N) ratio decreases as the polymer content increases. One exception was EDA-PVC/SBA-15 (19%), which showed a higher CO 2 : N ratio than that of the sample with 7% loading. This was due to high organic residues content (53%) observed in this product (Table 2) which suggested an excessive amount of trapped solvent MEK in pores. This case also illustrated the disadvantage of 2D non-connected pore networks. EDA-PVC on commercial fumed silica was also tested for CO 2 adsorption but the capacity shown was rather low (<1 cm 3 g À1 ).
Supporting the aminated PVC polymer on SBA-15 and MCF mesoporous silica with 4% polymer content showed the highest CO 2 adsorption capacity among tested candidates. They therefore, meet three important criteria for an effective solid state adsorbent (1) being readily available on operational scale due to simple synthetic protocol; (2) possessing good adsorption capacity and (3) easy to handle with low environmental impact due to utilization of abundant waste material. However, the nal criteria and ultimate challenge for any solid state adsorbent is its economic viability, e.g. an ability to regenerate with low energy duty. This was tested by analysis of the kinetics of adsorption/desorption on selected samples. The representative CO 2 adsorption kinetic proles are shown in Fig. S5 . † All samples reach saturation at 90 min and 90% of the adsorption capacity in 20 min. In all proles, we observed an "initial step" followed by an increase in weight to saturation due to CO 2 adsorption. One possible explanation for this observation is that the adsorption on the readily accessible sites on the outer surface or near the entrance of pores. Once these sites are occupied the pores become partially blocked and further adsorption is slowed down. When the CO 2 molecules migrate towards the inner sites, pores open again and allow further adsorption. Such assumption is also supported by the assessment of the porosity of the adsorbents, e.g. with narrower pores on adsorbent showing a wider step. In particular, the EDA-PVC/ MCF (4%) sample showed the smallest step due to its wider pores and interconnected porosity. Initial blockage became a less signicant issue. The observed "non-linear" adsorption behaviour in Fig. S5 † could be also attributed to change in nature of polymer coating around the exterior pores of the support due to interaction between CO 2 molecules and amine sites during initial exposure to carbon dioxide. This may be accompanied by heat release leading to a reduction of diffusional resistance and as such, CO 2 molecules could enter more facile into the interior pores of the support as manifested by a subsequent region of fast CO 2 uptake. All adsorbents also recorded $100% desorption at 75 C, which leads to a thermal energy duty at ca. 60 kJ mol CO 2 À1 , a considerable improvement from CaO and MEA solution. It should be noted that the TGA results suggested that the EDA-PVC products were stable up to 140 C. Therefore higher regeneration temperature can be employed to speed up regeneration process. However, regeneration at a lower temperature of 75 C can reduce the energy consumption, which is critical for a competitive CCS system.
The role of the aminating agent on the CO 2 storage capacity
In addition to EDA, three other aminating reagents, diethylenetriamine (DETA), monoethanolamine (MEA) and diethanolamine (DEA) were tested and composites of aminated PVC on SBA-15 (all 4%) prepared from these reagents were analyzed. The structural data and CO 2 adsorption capacity for these composite samples are summarized in Fig. 7 and Table S2 . † N 2 adsorption isotherms are given in Fig. S4 . † A decrease in adsorption capacity was observed for all samples compared with EDA-PVC/SBA-15. Generally, CO 2 adsorption on amine groups under dry conditions leads to a formation of a carbamate following the chemical equation shown in Fig. 8a . Such adsorption may become less effective if the two amine groups are further apart. 31 Among the aminating reagents that we used, ethylenediamine (EDA) appear to possess the best geometry for forming carbamate as illustrated in Fig. 8b . With an extra amine on the chain, diethylenetriamine (DETA) becomes less effective. Although widely used in liquid phase adsorption, mono-and diethanolamine (MEA and DEA) seem to be the least effective reagents for this task with DEA further hampered by steric hinderance due to the extra ethyl hydroxyl group. Compared with EDA-PVC/SBA-15, all three samples showed a higher surface area, higher pore volume and larger pore sizes. All of these structural parameters seem to be essential for a high CO 2 adsorption capacity, but none of the samples outperformed EDA-PVC/SBA-15. This highlights that the distribution of amine sites on the adsorbents is critical to high CO 2 adsorption performance.
There are examples of composite materials prepared by coating polymers and mesoporous silicas that have been tested as adsorbents for CCS, 1, 13 with the research primarily dedicated to polyethyleneimine (PEI) functionalized silicas.
31 PEI physically coated on MCF has achieved impressive CO 2 adsorption characteristics with similar amine efficiency (CO 2 : N ratio) to results in this work. Further enhancement was also shown from the adsorption under humid conditions (1% water in ue gases). 31 We also tested mechanical stability of EDA-PVC/SBA-15 (4%) sample, which showed the highest CO 2 adsorption capacity among all samples tested in this work. The outcome of these experiments is summarized in Table S3 . † Within the measurement error, there is a negligible difference between surface area, pore sizes and pore volume of the pristine and reground samples. There is a ca. 10% reduction in surface area accompanied by a similar reduction in pore volume for the pelletized sample while the pore sizes are the same. The resulting pellet is very robust and could be manipulated with the tweezers without breakage. This could be a useful property in industrial settings, e.g. for retrospective addition to existing CCS facilities.
There was a marginal difference between the TGA proles of the untreated sample and the sample subject to hydrothermal treatment in boiling water for 1 hour (Fig. S6 †) . The resulting sorption characteristic of the hydrothermally treated sample aer degassing at 100 C is less than 5% lower when compared with the untreated composite indicating the good hydrothermal stability.
Hydrophobicity of the absorbents measured by contact angle tests
When compared with other amine-based adsorbents such as aminated mesoporous silicas, 32 one distinctive property of PVCbased materials is their hydrophobicity. Hydrophobic adsorbents can be of particular use when the ue gas has excessive moisture content and the adsorbing system needs to avoid moisture. To study the hydrophobicity of the adsorbents, the contact angle of a water droplet on the adsorbent surface was measured. Fig. 9 shows the water droplet on the surface of fumed silica, EDA-PVC/SBA-15 (4%) composite. The pristine EDA-PVC product showed a high hydrophobicity as evident by a contact angle of 76.7
. SBA-15 is a highly hydrophilic support as apparent by the recorded contact angle of 15.4 . However, the minor 4% loading of EDA-PVC was sufficient to more than double the contact angle to 35.6 .
The ability to control the hydrophobic-hydrophilic function is important as it could present an efficient way for stabilising compounds with high adsorption characteristics for CO 2 sorption. For example, inducing hydrophobicity has been highlighted as a very efficient method in rendering compounds with limited stability (such as many MOFs) in elevated water content ues.
33 Using PVC as a raw material for the preparation of adsorbent aiming at CO 2 adsorption from ue gas could therefore present a unique advantage. Most solid state adsorbents such as zeolites, amine-graed mesoporous silicas (MCM-41 and SBA-15) and many MOF systems are hydrophilic. High moisture content in ue gas is a natural by-product of combustion. For example, gas-red power plants, preferred by developed countries, could generate a clean ue gas but with a much higher moisture content of up to 14%. As such, the moisture content could pose a negative effect on the efficiency of the adsorbents in a carbon capture system. This effect is particularly noticeable using zeolites as adsorbent as they are known to be deactivated in presence of moisture. 34, 35 Therefore, hydrophobic CO 2 adsorbents which can be operated under high moisture content is a step in the right direction towards nding the ultimate CO 2 adsorbent. Moreover, as most current aminebased solids selectively adsorb acidic gases such as CO 2 on surface basic sites this adsorption can be interfered by other acidic gases such as SO 2 and NO x . Modied PVC has already shown its potential in the separation of CO 2 from SO 2 , 36 making promising solid adsorbents for ues from coal power stations, e.g. with a high sulphur content which is particularly common in developing countries.
Conclusions
This work demonstrates a novel recycling/reusable pathway for waste PVC. Using a simple, robust route a range of hydrophobic aminated PVC were coated on silica support materials to form composites with high surface areas. Among these composites, EDA-PVC/SBA-15 with 4% w/w loading gave the highest CO 2 adsorption capacity of 12 cm 3 g À1 which also showed good mechanical and hydrothermal stability manifested by the marginal loss in surface area upon pressing to a compact pellet and aer boiling in water. Higher polymer content seemed to cause pore blockage, which is a commonly observed feature in composites with mesoporous materials. The assessment of the adsorption/desorption kinetics for selected composites suggested an energy consumption of regeneration value of at 60 kJ mol CO 2
À1
. When compared with pristine supports the enhanced hydrophobicity of the composites suggests an interesting development opportunity for novel adsorbents capable of operating in the ue gas emitted from a gas-red power plant with higher water content. Future research directions in this area should focus on optimising the aminated PVC-silica composites towards cost-efficiency, enhanced CO 2 adsorption capacity, and CO 2 selectivity under realistic simulated ue gas streams.
